INTRODUCTION
The alphaviruses, previously designated as group A arboviruses, are enveloped R N A viruses with a wide host range. The R N A is infectious and thus of positive polarity. The structure and replication of two model viruses, Semliki Forest virus (SFV) and Sindbis virus (S IN ), have been extensively studied during the past 20 years (for reviews see Kaariainen & Soderlund, 1978; Garoff et al. 1982; Strauss & Strauss, 1983) .
The virus particle consists of a lipoprotein envelope and a nucleocapsid. In SFV the glycoprotein E l, E2 and E3 occur as trimers and form a surface lattice with the geometry T = 4 (Vogel et al. 1986 ). The same symmetry has been shown for Sindbis virus envelope (von Bonsdorff & Harrison, 1978) , which has only two surface glycoproteins (Strauss & Strauss, 1983) . The nucleocapsid consists of only one type of protein, the C-protein, and a single R N A molecule. The infectious cycle starts by adsorption of the virus particle to the cell surface, whereafter the virus is internalized by the endocytotic apparatus of the cell (Kielian & Helenius, 1986) .
In the endosomes the acidic pH elicits the fusogenic activity of the E l glycoprotein and the virus envelope fuses with the endosomal membrane, releasing the nucleo capsid into the cytoplasm. In this paper we will review the results dealing with the replication of the alphavirus R N A , which starts by the primary translation of the genome 42 S R N A released from the nucleocapsid, and results in the synthesis of about 40 000 and 100 000 molecules of 42 S R N A and 26 S R N A repectively (Tuomi et al. 1975 ).
INTRACELLULAR SYNTHESIS OF ALPHAVIRUS RNAS
When infected cells are labelled with [3H] uridine in the presence of actinomycin D for 1 to 2h, two major RNAs sedimenting at 42 S and 26 S, and a minor species sedimenting at 18 to 20 S, are detected (Sonnabend et al. 1964) . Shorter pulses reveal a heterogeneous R N A species with a sedimentation value of 20 to 29 S (Kaariainen & Gomatos, 1969; Stern & Friedman, 1969; Simmons & Strauss, 1972a) .
The 42 S R N A turned out to be identical to the genome RN A , whereas the 26 S R N A was a subgenomic positive-stranded R N A identical to the 3' third of the genome (Simmons & Strauss, 1972a,b) . The heterogeneous 20-29 S R N A consisted of full-length minus strands and nascent chains of positive strands, and was thus analogous to the previously characterized replicative intermediate R I R N A of poliovirus (Simmons & Strauss, 1972b) . M ild RNase treatment of the R I R N A yields three different double-stranded RNAs designated as R F I, R F II and R F I II . R F I is a duplex of 42 S R N A minus and plus strands and is supposed to be derived from a specific R I a which synthesizes 42 S plus-strand RNAs. The R F II and R F I I I are derived from another replicative intermediate R I b which is responsible for the synthesis of 2 6 S R N A (Simmons & Strauss, 19726) (Fig. 1) . The kinetics of labelling of R F II were very slow relative to R F I II , suggesting that only the 5' third of the minus-strand template was actively transcribed.
One of our temperature-sensitive mutants of SFV, ts4, was defective in the synthesis of 26 S R N A at the restrictive temperature (39°C) (Keranen & Kaariainen, 1974; Saraste et al. 1977) . Using ts4 we could show that the same minus strands, which were synthesizing 26 S R N A at 28 °C, could be switched to synthesize 42 S R N A , once the temperature was raised to 39°C. If the infected cultures were shifted back to 28°C (permissive temperature) the same minus strands were again used as templates for the synthesis of 26 S R N A (Sawicki et al. 1978) . These findings led us to propose a hypothesis for the regulation of the synthesis of 26 S R N A (Fig. 1) . According to this 'jamming hypothesis' a virus-specific protein interrupts the ongoing synthesis of 42 S R N A on the minus-strand template possibly by binding to the template, about one third from the 5' end. All polymerase molecules upstream from this stop signal are 'jammed', and a new internal initiation takes place, which results in the synthesis of 26 S R N A molecules. If this regulatory interaction when it starts again after shift back to 28°C (Sawicki et al. 1978) . We have postulated that a virus-specific protein (O ) binds close to the initiation site of 26 S R N A and stops the further elongation of 42 S R N A nascent chains enabling the initiation of 26 S R N A synthesis. Once the regulatory protein detaches from the minus strand template the 'jam m ed' polymerase (^) can proceed with the synthesis of the 42 S R N A strand which had been started earlier (Kaariainen & Soderlund, 1978). dissociates, the jammed polymerase molecules can complete their already-started synthesis of 42 S R N A (Kaariainen & Soderlund, 1978) .
Replication of the genome of alphavimses
T his model would have been equally consistant with the observed facts if the 26 S R N A had been synthesized by a splicing mechanism. We analysed the 5' ends of both 42 S and 26 S R N A , and there was a difference of one nucleotide in the T1 oligonucleotide containing the cap structure. The 4 2 S R N A had m 'G (5 ')p p p Ap U p G p and 26 S R N A m /G (5 ')p p p A p U p U p G p as its S'terminus (Pettersson el al.
1980).
Finally, Riedel et al. (1982) localized the 5' end of the 26 S R N A by nuclease Sj m apping to an internal site 51 nucleotides upstream from the initiation codon of the structural polyprotein. T hus the internal initiation model for the synthesis of 26 S R N A can be considered as a fact. Investigation of RNA-negative SFV and S IN ts mutants revealed that ts defect in the 26 S R N A synthesis was a fairly common phenomenon (Keránen & Kaáriainen, 1979) . Sawicki & Gomatos (1976) isolated minus strands from the R I R N A . They sedimented at 42 S and had poly(U) at their 5' end. The synthesis of minus strands takes place early and ceases at about 3 h postinfection. It is dependent on protein synthesis, since it stops within 15 min after addition of cycloheximide (Sawicki & Sawicki, 1980) . In contrast, the synthesis of plus strands continues several hours after addition of protein synthesis inhibitors (Wengler & Wengler, 1975; Kennedy, 1980) . These results must mean that the synthesis of 42 S minus strands requires the continuous synthesis of one or more proteins, whereas the replicative complex involved in the synthesis of 42 S and 26 S R N A plus strands is stable. The genetic evidence presented below will reveal some of the complexity of the situation. Wengler et al. (1979) isolated a double-stranded R N A from SFV-infected cells and analysed the terminal sequences. The 5' end of the plus strand was capped and the minus strand had an extra G residue, at the 3' end, which did not pair with the first nucleotide at the plus-strand 5' end. A similar unpaired extra nucleotide has been found in the plus strand R N A of Q/3 (Weber & Weissmann, 1970) . It is evidently added by the replicase after the chains have been released from the template (Bausch et al. 1983 ). An extra nucleotide is also present in the plus-strand RNAs of brome mosaic virus (Miller et al. 1986 ). In both cases the synthesis of the minus strands normally starts from the penultimate nucleotide. The 3' extra A residue is possibly added to the BM V plus-strands by a cellular CTP: ATP tR N A nucleotidyl transferase, which repairs damaged CCA termini of tRNAs (Miller et al. 1986 ).
Evidently the observation by Wengler et al. (1979) must be confirmed by isolated or synthesized replicase components before we can understand how the extra nucleotide is added and how it affects the template function of the SFV 42S R N A minus strand.
SYNTHESIS OF REPLICASE COMPONENTS
The primary translation of the parental 42 S R N A is very difficult to study due to the high background of host protein synthesis (Lachmi & Kaáriainen, 1977) . We and others have used the genome R N A in different in vitro systems and analysed the translational products (Glanville et al. 1976 , Lehtovaara et al. 1980 , Simmons & Strauss, 1974 . Perhaps the most important results of these analysis was identifi cation of a single initiation dipeptide fMet-Ala (Glanville et al. 1976 ).
Very fruitful was the discovery of one temperature-sensitive mutant of SFV, tsl, which synthesized the non-structural proteins in excessive amounts (Lachmi et al. 1975 ). Using high-salt treatment the initiation of translation was synchronized and a successive synthesis of four different proteins was observed (Lachmi & Kááriáinen, 1976 , Keránen & Ruohonen, 1983 ( X l 0 3)M r) were identified in cells infected with RNA-negative ts mutants of both S F V and S IN (Keranen & Kaariainen, 1979; Kaariainen et al. 1978) , which shared peptides of the individual non-structural proteins (Glanville et al. 1978; Lehtovaara et al. 1980 ). Analysis of the N-terminal amino acid sequences (Kalkkinen et al. 1981 ) and the determination of the complete nucleotide sequence of SFV and S IN genome RN A s, from cloned cD N A s, has now established the mode of translation of the nonstructural proteins of these two alphaviruses (Takkinen 1986; Strauss et al. 1984) .
Since these proteins are probable components of the R N A synthesizing apparatus, they have been designated as n s P l-nsP4 (Fig. 2) .
There is an interesting difference between SFV and S IN genome RN A s. A n opal codon (U G A ) interrupts the open reading frame of S IN R N A at amino acid position 1897. T his term ination codon must be suppressed in order to obtain the translation of the fourth non-structural protein, nsP4 (Strauss et al. 1983 (Strauss et al. , 1984 . In the genome of SF V there is an uninterrupted open reading frame for 2431 amino acids in the coding region of the non-structural proteins, which is in complete agreement with our previous results showing that all of them are readily detectable in SFV-infected cells (Lachm i & Kaariainen, 1976; Keranen & Ruohonen, 1983) . T his difference also explains the discrepancies reported for the synthesis of SFV and S IN non-structural proteins (for reviews, see Kaariainen & Soderlund, 1978; Schlesinger & Kaariainen, 1980) .
SYNTHESIS OF SFV RNAS IN VITRO
R N A polymerase activity was first demonstrated in the cytoplasmic extracts of SFV-infected cells by Martin & Sonnabend (1967) . Michel & Gomatos (1973) were the first to obtain full-sized 42 S and 26 S RNAs in crude cytoplasmic extract. Clewley & Kennedy (1976) purified the R N A polymerase activity from discontinu ous sucrose gradient fractions using affinity chromatography. The 42 S R N A was bound to oligo(dT)-cellulose column, which was used for binding of polymerase components. By these means one host protein (40x 103M r) and two apparently virusspecific proteins (90 and 60 X 103M r), showing some polymerase activity, were eluted together. The identity of these components could not be established at that time.
Once the non-structural proteins had been identified we took several different approaches to identify the proteins associated with the R N A synthesizing apparatus. All these were based on the fact that the polymerase activity was strictly membranebound (Friedman et al. 1972) . One approach was to synthesize SFV specific RNAs in vitro using the post mitochondrial pellet (P15) as a source of the polymerase, since almost all the activity was confined to this fraction. After labelling, P15 was solubilized and the R N A label was purified 56-fold in two sedimentation steps (Ranki & Kaariainen, 1979) . The virus-specific proteins were labelled early in infection after high-salt treatment in 0T M sucrose (Kaariainen et al. 1978) . Analysis of the proteins associated with a 40 S replication complex revealed the presence of one major component, ns70 (now designated as nsPl), as well as ns72 (nsP4).
Another approach was to label the replicating R N A with a 1-min pulse of
[3H]uridine in vivo. P15 was again used as a source for fractionation in discontinuous sucrose gradients. The pulse-labelled R N A and polymerase activity were found to be associated with smooth membranes. In this phase the polymerase synthesized full sized 42 S and 26 S R N A molecules.
Solubilization of membranes resulted in heterogeneously sedimenting structures with reduced polymerase activity. The finding that R F I and R F I II were labelled in vitro suggested that both 42 S and 26 S R N A had been synthesized, but had not been released from the template (Gomatos et al. 1980 ). The major protein, labelled as above early during infection, was verified as nsPl by short N-terminal labelling of the non-structural polyprotein, (Lachmi & Kaariainen, 1976) , as well as by tryptic peptide mapping (Ranki & Kaariainen, 1979) . Cross & Gomatos (1981) demonstrated that the P15 polymerase fraction was able to methylate the cap structure of 42 S and 26 S R N A in vitro when labelled S-adenosyl-L-methionine was present, indicating that the cap structure was syn thesized concomitantly with the R N A . The methylating activity distributed similarly with the polymerase activity in further fractionation. The methyltransferase enzyme differed, in its substrate specificity, from that of the host cell. It is also increased during the infection in parallel with the polymerase activity. Once formed, the methyltransferase activity was stable in the absence of protein synthesis, like that of the R N A polymerase synthesizing 42S and 26S plus-strand RNAs (Cross, 1983).
These results strongly suggest that the methyltransferase activity is associated with the SFV-specific R N A polymerase.
GENETIC APPROACH
We have analysed a set of SFV and S IN temperature-sensitive mutants with an RNA-negative phenotype. At the restrictive temperature these mutants are unable to direct the synthesis of virus-specific R N A molecules. The mutants were allowed to start replication at the permissive temperature (28°C). The infected cultures were shifted to the restrictive temperature (39°C), and the different parameters of viral R N A synthesis were studied (Keranen & Kaariainen, 1979) . The Sindbis virus mutants isolated by Burge & Pfefferkorn (1966a,b) , fall into four different complementation groups (A, B, G and F), which probably represent four different virus-specific proteins (Strauss & Strauss, 1980) .
The synthesis of both 42 S and 26 S R N A stopped soon after transfer of cultures infected with S IN ts6 (group F) to the restrictive temperature. Later we showed that the synthesis of 42 S R N A minus strands ceased also in the ts6 infected cells (Sawicki et al. 1981a ). Thus we concluded that one virus-specific protein is responsible for the chain elongation of both plus and minus strands. Several mutants of complemen tation groups A and G showed a specific reduction in the synthesis of 26 S RN A , suggesting that the proteins specified by these groups are involved in the initiation of 26 S R N A . (Keranen & Kaariainen, 1979; Sawicki & Sawicki, 1985) .
We also studied the synthesis of minus strands. Using S IN t s ll (group B) we could show that the synthesis of minus strands stopped soon after the infected cultures were shifted to 39°C. Under these conditions the synthesis of 42 S R N A plus strands and 26 S R N A continued for at least 5 h (Sawicki et al. 1981a ).
One S IN mutant, ts24, representing complementation group A, had an interesting and somewhat puzzling effect on the synthesis of minus strands. After shift to 39°C the synthesis of minus strands failed to stop normally. It continued even in the presence of protein synthesis inhibition. If ts24 infected cultures, in which the synthesis of minus strands had already stopped at 28°C, were shifted back to 39 °C, the synthesis of minus strands started again, even in the presence of cycloheximide (Sawicki et al. 19816) . A similar phenotype was found for two additional A group mutants tsl7 and tsl33 (Sawicki & Sawicki, 1985) . Thus a protein, represented by complementation group A, is regulating the shut off of minus-strand synthesis. Apparently 'group A-protein' somehow interacts with the 'group B-protein', making it inactive. How can we explain the absolute requirement of protein synthesis in the synthesis of minus-strand R N A in normal infection? We propose that the 'group B-protein' must be synthesized continuously because 'group A-protein' rapidly masks its function in the initiation of new rounds of minus-strand synthesis. In S IN ts24 infected cells, incubated at 39°C, the masking fails, due to a mutation in the 'group A-protein'. To explain the shut off of the synthesis of minus strands, after shift of ts24 infected cultures back to 28°C, we assume that 'A and B' proteins are in close contact in the R N A polymerase complex. A tempting possibility is that, in the normal infection, the synthesis of minus strand is dependent on the assembly of new polymerase complex. According to this hypothesis each polymerase would be used only once for the synthesis of minus strand. It would immediately shift to the minus strand template to carry out the continuous synthesis of plus strands.
S IN ts24 has another defect which is manifest after the shift to the restrictive temperature; the synthesis of 26S R N A is rapidly shut off. Thus the same protein evidently has several functions. This is nicely illustrated by the recent work of Dorothea and Stanley Sawicki (1985, 1986a,b) . They isolated revertants from S IN ts24 and from two other similar mutants (tsl7 and tsl33) (Sawicki & Sawicki, 1985) , which were able to grow at the restrictive temperature. Two revertants of ts24 had lost the temperature-sensitivity of 26 S R N A synthesis, but retained the ts defect in the regulation of minus-strand R N A synthesis. The revertant of tsl33 had lost the ts defect in minus-strand regulation, but had retained the ts character of 26 S R N A synthesis. These results suggest that the 'group A-protein' has at least three functional domains: one regulating the 26S R N A synthesis, the second is respon sible for the shut off of minus strand synthesis and the third undefined function the impairment of which makes it conditionally lethal.
As a summary of the genetic studies we can conclude the following: all the components specified by complementation groups A, B, F and G are vital for the replication of the R N A (Table 1) , since defects in any of the components can abolish the R N A replication. The F-function is probably the 'core-polymerase' responsible for the chain elongation and must thus be present all the time. The B-function normally comes from newly synthesized protein. The function of B-product is masked by 'group A-protein' in normal infection. Evidently, the non-functional B stays in close association with A in the same complex, now synthesising viral plus stands. If A becomes non-functional in its 'masking function', B is activated causing a template shift of the polymerase. The 'group A-protein' is also involved in the recognition of the internal initiation site making a shift from R I a which synthesizes 42 S plus strands, to R I^ involved in the synthesis of 26 S R N A . In this process the function of the fourth complementation group G is also needed. al. 1972; Eaton & Faulkner, 1973; Bruton & Kennedy, 1976; Stollar, 1980) . The D I particles interfere with the multiplication of the standard virus. Analysis of their RNAs have revealed that they are short, the smallest being about 20% of the size of the genome R N A . The preliminary characterization of both S IN and SFV D I RNAs suggested that they are deletion mutants which have preserved the 5' and 3' termini of the genome but lost variable amounts of the internal sequences (for reviews see Holland et al. 1980; Stollar, 1980; Kaariainen & Soderlund, 1978) .
We reasoned that sequencing of the complete SFV 42 S R N A might be easiest by sequencing D I RNAs of different size. For this purpose we created a set of SFV D I particles and analysed their RNAs (Kaariainen et al. 1981) . Three different sizeclasses 18 S, 24 S and 33 S were obtained. The oligonucleotide analysis revealed that the larger RNAs were essentially simpler than the 18 S RNAs suggesting that they consisted of multiple repeats of only a few sequences.
Analysis of the 5' end T1 oligonucleotides of the 18 S RNAs revealed heterogen eity with the general structure: cap-AU (A U )4_gCAUG (Pettersson, 1981; Pettersson & Kaariainen, 1981) , which is different from the 5' end of the standard SFV 42 S R N A ; cap-AUG (Petterssonet al. 1980 ). We sequenced two clones of cD N A derived from the 18 S D I R N A (Lehtovaara et al. 1981, 1982) . One (DI-301) consisted of triplicated linear repeat of 484 nucleotides with unique 5' and 3' terminal sequences. The.other, which was an almost complete copy of the D I R N A , had a duplicate of 848 nucleotides with unique flanking sequences at the 5' and 3' ends ( Fig. 3) . A 273-nucleotide sequence (block E) is present in four copies per molecule. In all D I RNAs sequenced from their 3' ends a minimum of 84 nucleotides, derived from the extreme 3' end of the 42 S R N A genome, was found to be present (Lehtovaara et al. 1982 ).
This suggests that these sequences may be vital for the replication of the D I RNAs. Both D I RN As contained sequences derivedirom the 5' first 400 nucleotides, with rearrangements and deletions. A conserved control region (Block E) was repeated in both D I RN As (Lehtovaara et al. 1982) . Thus the D I RNAs consisted of only 5 to 8 % of the nucleotide sequence of the total 42 S R N A even though DI-301 and DI-309 contained 1652 and 2286 nucleotides, respectively. Now when the complete nucleotide sequence of SFV 42 S R N A has been determined it is possible to show the origin of the different building blocks of the D I RNAs (Fig. 3) .
The sequences derived from the 5' end of the genome should contain information required for encapsidation and replication of the D I RNAs, which ought to be the same for the genome 42 S RN A . This can be deduced from the fact that the 26 S R N A has the same 3' end as the genome, and yet it is not replicated or encapsidated.
Sondra Schlesinger and her collaborators have isolated D I particles of Sindbis virus (Monroe et al. 1982; Monroe & Schlesinger, 1983 (Fig. 4) . In the case of S F V we cannot exclude the possibility that sequences present in the E-block would also be required for the R N A replication since they are present in both the D I R N A s which have been sequenced (Fig. 3) . There is a high nucleotide sequence homology in the E-block between SFV and S IN (Fig. 5) . Recognition of internal There is a conserved sequence of 19 nucleotides which includes the sequence of the 5' end of 26 S R N A (Fig. 4) . T his sequence in its complementary form, could serve as a specific signal for the initiation of the synthesis of 26 S R N A . If the recognition of the 19 nucleotides is sequence-specific it would be easy to understand that the internal initiation takes place only on the m inus strand. (Fig. 3) . are located as follows; B and C both partly in -41 region, E in -76 region.
SINDBIS
nsPl Fig. 6 . D ot matrix analysis of the non-structural proteins of SFV and SIN. The protein sequences have been compared nine amino acids at a time, and a dot is placed in the matrix whenever 5 amino acids match.
We have been unable to find stable secondary structures within the 200 nucleotides upstream from the initiation site of 26 S R N A ; thus the requirements for the internal initiation may differ from those of 42 S R N A minus-and plus-strand synthesis.
PUTATIVE FUNCTIONS OF THE NON-STRUCTURAL PROTEINS
The complete nucleotide sequence of both S IN and SFV has been determined allowing the deduction of the amino acid sequence of the four non-structural proteins (Strauss et al. 1984; Takkinen, 1986) . As can be seen from Fig. 5 , which dem onstrates the nucleotide sequence homology of S IN and SFV RNAs, nsP2 and nsP4 are well conserved proteins. As has been shown by Haseloff et al. (1984) nsP4 of S IN is strikingly similar to plant virus R N A polymerase proteins. Structural homology between alphavirus and several plant virus polymerase components has also been shown to exist in nsPl and nsP2 of S IN . Thus, this is also true for SFV nsP4, nsP2 and nsPl (Ahlquist et al. 1985) .
Dot matrix analysis reveals that there is a considerable degree of homology between nsP3 of S IN and SFV (Fig. 6) . The nsP3 of S IN is 67 amino acid residues longer than that of SFV. The additional amino acids are at its carboxy terminus.
As the primary structures of both S IN and SFV non-structural proteins are now available is it possible to assign functions for the individual proteins to explain the biochemical and genetic evidence reviewed above? A sequence Gly-Asp-Asp aligned with hydrophobic residues has been found in a number of viral proteins Kamer & Argos, 1984 , Rice et al. 1985 , SFV: Takkinen (1986). participating in the R N A replication (Fig. 7) . This sequence was found in the poliovirus polymerase 3Dpo1 (p63), identified as the major, if not the only, protein capable of R N A chain elongation in vitro (Dasgupta et al. 1979; Flanegan & Baltimore, 1977) . So it has been regarded as an identification signal for the chain elongation component of viral polymerases (Kamer & Argos, 1984) . Following this argument we should designate nsP4 as the chain elongating or 'core-polymerase' of SFV and S IN . This would also mean that nsP4 is represented by the complemen tation group F. A consensus sequence Gly-X-X-X-X-Gly-Lys-Ser-(Thr) is found in SFV and S IN nsP2. This sequence is present in a variety of mononucleotide-binding proteins (Walker et al. 1982; Gay & Walker, 1983; Argos & Leberman, 1985; Kohno et al. 1986 ). It is also found in several virus-specific proteins with a more or less tentative role in R N A replication (Fig. 8) . Interestingly, this sequence is not found in the poliovirus 3D po1, but is present in P2-X (2C) protein (Kitamura et al. 1981; Racaniello & Baltimore, 1981) which has been implicated as participating in R N A replication (Butterworth et al. 1976 ).
Mutations making poliovirus resistant against guanidine, map in close vicinity to this consensus sequence (Pincus et al. 1986 ). This sequence is not found in VSV Lprotein (Schubert et al. 1984) the N protein (Gallione et al. 1981) . In influenza A PB2 and PA proteins there are related sequences: G F L IL G K E and G F IIK G R S , respectively, which differ by only one residue from the consensus sequence (Fields & Winter, 1982) .
All these homologies with proteins involved in R N A synthesis would suggest an intimate role for nsP2 in R N A replication. We have demonstrated previously that nsP2 binds to ribosomes and can be cross-linked to the rR N A by UV light (Ranki et al. 1979 ). These observations together with the basic character of this protein ( Table 2 ) would suggest that it is in direct contact with RN A . One possibility would be that nsP2 is involved in the capping of both 42 S and 26 S R N A plus strands. If so it should also participate in the initiation of 26 S R N A and thus belong either to complementation group A or G.
The nsPl protein, which has been found as the major component of the replication complex is also homologous to S IN nsPl as well as to plant virus polymerase components. If we accept that nsP4 is the 'core-polymerase' the function of nsPl remains to be determined. Fuller & Marcus (1980) suggested that the correlation between the non-structural proteins and the complementation groups is as follows according to the present nomenclature; nsPl = G, nsP2 = A, nsP3 or nsP4 = F. At that time it was believed that Sindbis virus genome coded only for three non-structural proteins. Because of the high degree of homology between nsP4 and other viral polymerases and the lack of homology of nsP3, it is more likely that nsP4 is the product defining complementation group F.
U V mapping of S IN ts mutants by
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The association of the alphavirus replication complex with membranes would suggest that there are hydrophobic interactions between polymerase components and lipids. Both nsP3 and nsP4 have a stretch of 19 and nsP2 of 16 hydrophobic amino acid residues. Binding of the replication complex to the membranes via its protein components would imply that the polymerase is fixed and that the template and nascent strands flow through the replication complex. Poliovirus polymerase 3D po1 (Kitamura et al. 1981; Racaniello & Baltimore, 1981) and the protein products of RNAs 1 of brome mosaic and alfalfa mosaic viruses (Ahlquist et al. 1984; Cornelissen et al. 1983a ) also contain stretches of hydrophobic amino acid residues, which could explain the binding of their replication complexes into membranes. Assuming that the natural polymerases are membrane-bound directly by their component proteins, we could understand some of the difficulties in the demonstration of their activity in vitro in the absence of membranes.
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